Abstract: Geometric parameters and FT-IR spectrum of 6-bromo-8-thia-1,4-epoxybicyclo[4.3.0]non-2-ene were computed by the HF, B3LYP, B3PW91 and mPW1PW91 methods in conjunction with the 6-31G(d,p) basis set. The calculated IR spectra are in a good agreement with the observed FT-IR spectrum. A general better performance of B3LYP, B3PW91 and mPW1PW91 versus HF was quantitatively characterized by using PAVF 1.0 program. Optimal uniform scaling factors calculated for the title compound are 0.8952, 0.9552, 0.9520 and 0.9456 for HF, B3LYP, B3PW91 and MPW1PW91 methods, respectively.
Introduction
Heterocycles such as furan, thiophene and pyrrole undergo Diels-Alder reactions despite their stabilized 6π-aromatic electronic configuration [1] . In fact proclivity of furans to undergo [2] [3] [4] cycloaddition with various π-bonds has attracted the attention of many research groups, as it allows for the rapid construction of valuable synthetic intermediates [2] [3] [4] . In view of furans electron-rich constitution and electron donor properties they have been involved mostly as the diene component in the cycloaddition process [5, 6] . In this context, we have been studying on synthesis of heterotricyclicfused compounds [7, 8] . Sulphure containing rigid tricycle, 2, was obtained from 2-{[(2-bromoprop-2-en-1-yl)thio]methyl}furan, 1, under solvent free condition in a commercial microwave (Scheme 1). 
Scheme 1
The precursor of intramolecular Diels-Alder (IMDA) cycloadditon, 1, was obtained from the treatment of furfurylmercaptanol with 2,3-dichloropropene by employing Williamson ether synthesis method [9] . The IMDA cycloaddition reaction of 1 was carried out in a commercially available microwave oven (2450 MHz) for 12 min irradiation. This stereoselective cycloaddition process take place over facile exo transition state and is promoted by Thorpe-Ingold (Scissor) effect as previously show in similar studies [10] . Aromatic furan rings and inactivated diene & dienophile sides make such cycloaddition reaction reversible and could give modest yield [11] .
Although semi-empirical methods proved its usefulness in practice to facilitate the IR identifications, the performance of semi-empirical methods can not satisfy modern criteria of theoretical FT-IR spectral predictions. The IR spectra computed with Hartree-Fock (HF) and density functional theory (DFT) methods were in much better agreement with the observed IR spectrum: the correlation between the calculated and experimental vibration frequencies was characterized by the coefficients for all DFT methods higher than HF method [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The calculated absolute band intensities were satisfactorily matched with the observed relative intensities as well. Also, the new local density functionals (M05, M05-2X, M06 and M06-2X) with a very broad applicability were recently developed by the Truhlar group [25, 26] . These new hybrid meta exchange-correlation functionals are parametrized including both nonmetallic and metallic compounds. Also, these functionals give the best overall performance for a combination of main-group thermochemistry, thermochemical kinetics, and organic, organometallic, biological, and noncovalent interactions as well as the other popular functionals (B3LYP, BLYP, and BP86) [25] [26] [27] [28] .
In the present work, we have calculated the vibrational frequencies and geometric parameters of the title compound in the ground state to distinguish the fundamentals from the experimental vibrational frequencies and geometric parameters. Furthermore, we interpreted the calculated spectra of in terms of potential energy distributions (PEDs) and made the assignment of the experimental bands due to PED analysis results. In continuation of our theoretical studies, in the present work we checked the relative performance of B3LYP, B3PW91 and mPW1PW91 methods, as well as of HF for comparison, at the 6-31G(d,p) level taking as a test compound 6-bromo-8-thia-1,4-epoxybicyclo[4.3.0]non-2-ene. 
Experimental

Synthesis of 6-bromo
Instrumentation
The room temperature attenuated total reflection Fourier transform infrared (FT-IR ATR) spectrum of the 6-bromo-8-thia-1,4-epoxybicyclo 
Calculations details
All the calculations were performed with the Gaussian 03W program package on a double Xeon/3.2 GHz processor with 8 GB Ram [29] . The molecular structure of the 6-bromo-8-thia-1,4-epoxybicyclo[4.3.0]non-2-ene, in the ground state is optimized by using the Hartree-Fock (HF) [30] , density functional using Becke's three-parameter hybrid method [31] with the Lee, Yang, and Parr correlation functional methods [32] (B3LYP), the Barone and Adamo's Becke-style one-parameter functional using the modified Perdew-Wang exchange and Perdew-Wang 91 correlation method, (mPW1PW91) [33, 34 ], Becke's three parameter exchange functional combined with gradient corrected correlation functional of Perdew and Wang's 1991 (B3PW91) [35, 36] , and 6-31G(d,p) basis set. The vibrational frequencies were also calculated with these methods. The frequency values computed at these levels contain known systematic errors [37] . Therefore, we have used the scaling factor values of 0.8992, 0.9614, 0.9573 and 0.9500 for HF, B3LYP, B3PW91 and mPW1PW91, respectively [23, 38] . We have also calculated optimal scaling factors for all investigated methods by PAVF 1.0 program [39] . The assignment of the calculated wavenumbers is aided by the animation option of GaussView 3.0 graphical interface for gaussian programs, which gives a visual presentation of the shape of the vibrational modes [40] . Furthermore, theoretical vibrational spectra of the title compound were interpreted by means of PEDs using VEDA 4 program [41] .
Results and Discussion
Sulfones have always been in interest as a core functional group in both organic and medicinal chemistry because of their versatile synthetic utility and as inhibitors of various types of enzymatic processes [42] . More specifically, alkenyl sulfones are well known for their ability to inhibit many types of cycteine proteases [43, 44] . The alkenyl sulfones are reversible inhibitors of these enzymes through conjugated addition of the thiol of the active site cysteine residue. In the synthetic sense, the alkenyl sulfone has come to play important role, acting as an efficient Michael acceptor and as a π donor in cycloadditon reactions [45, 46] . We have recently been studying IMDA reaction of furans, since having seen the sulfones are great interest in medicinal chemistry, then we focused onto synthesis of tricyclic sulfones, 2, as parameter of the compound gave negative charge on sulphure and bromine atoms (Atomic polar tensor: S, -0.137; Br, -0.293) [47] . The issue of the further study is to research the biologic activity test of these sulfones.
Geometry optimization
The crystal and molecular structure of 6-bromo-8-thia-1,4-epoxybicyclo[4.3.0]non-2-ene have been reported [11] . The structure parameters is triclinic, the space group P1, with the cell dimensions a = Table 1 . Also, Table 1 compares the calculated geometrical parameters with the experimental data.
As follows from this comparison, the bond lengths and angles calculated for the title compound show quite good agreement with experimental values. Owing to our calculations, DFT/mPW1PW91 method correlates well for the bond length in comparison to the other DFT methods and HF method according to RMS values (RMS = 0.014, 0.018, 0.012 and 0.010 Å for HF, B3LYP, B3PW91 and mPW91PW91 levels, respectively). The largest difference between experimental and calculated DFT/mPW1PW91 bond length and angle is about 0.018 Å (R(C10-C12)) and 1.1 o (A(C5-C8-C10)). As a result, the optimized bond lengths and angles by DFT/mPW1PW91 method show the best agreement with the experimental values. The importance of relativistic effects in properly describing the electronic structure of molecules containing heavy atoms is frequently stressed in the literature [25, 28, 48, 49] . The relativistic effects lead to an increase of vibrational frequencies and shortening of bond lengths [48, 49] . Although the title compound contains one heavy atom "Br", we cannot observe this effect in the obtained results. The difference between calculated and experimental C-Br bond length is nearly within the experimental error range of the single crystal X-ray diffraction data. 
Vibrational frequencies
Vibration frequencies calculated by HF, B3LYP, B3PW91 and mPW1PW91 for the title compounds are listed in Table 2 -5, respectively. All the calculated spectra are in a good agreement with the experimental one, including the calculated absolute band intensities that well match the experimental relative intensities. All three hybrid functions are superior to HF in terms of realistic reproduction of both band intensity distribution and general spectral features.
A general better performance of B3LYP, B3PW91 and mPW1PW91 versus HF can be quantitatively characterized by using the mean deviation, mean absolute deviation, average absolute error, root mean square values and coefficients of correlation (cc) between the calculated and observed vibration frequencies and given in Table 2 -5. The root mean square (RMS mol and RMS over ) values were calculated in this study by PAVF 1.0 program [39] according to Scott and Radom [38] . The cc values for all three DFT methods were bigger than 0.9998, whereas for HF it was 0.9997: these values are very close to those reported for the literature data [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . These results indicate that the DFT calculations approximate the observed fundamental frequencies much better than the HF results. The small difference between experimental and calculated vibrational modes is observed. This discrepancy can come from the formation of intermolecular hydrogen bonding. Also, we note that the experimental results belong to solid phase and theoretical calculations belong to gaseous phase.
Finally, one should mention scaling factors, which are crucial for IR spectral predictions. To calculate optimal scaling factors, we used PAVF 1.0 program [39] . Only single (uniform) scaling factors were calculated, without discrimination for different vibrations (as, for example, for CH and non-CH stretching vibrations in Ref. [50] ). The values obtained are 0.8952, 0.9456, 0.9520 and 0.9552 for HF, mPW1PW91, B3PW91 and B3LYP, respectively. They are very close to those recommended by Scott and Radom and Kuppens et al. [23, 38] for the same levels of theory (0.8992, 0.9500, 0.9573 and 0.9614, respectively) and increase in the same order of HF, mPW1PW91, B3PW91 and B3LYP. Thus, for future IR spectral predictions for unknown derivatives of the title compound, one can recommend scaling factors of 0.895, 0.946, 0.952 and 0.955 for HF, mPW1PW91, B3PW91 and B3LYP, respectively. The IR bands at 3140 and 3077 cm -1 in FT-IR spectrum of 6-bromo-8-thia-1,4-epoxybicyclo[4.3.0]non-2-ene have been designated to symmetric and asymmetric ν CH stretching fundamentals of C10 and C12 atoms, respectively [51, 52] . The wavenumbers corresponding to the aliphatic ν CH stretching are listed in Table 2 . All the calculated values in each method are overestimated, as well known in theoretical quantum mechanic assignment concerning hydrocarbons.
After we were applied the scale factor both calculated in this research and given by Scott and Radom [38] and Kuppens et al. [23] for all the methods, we observed a good concordance between the experimental and the calculated values. The vibrational spectra show four bands in the aliphatic ν CH stretching region and are evident overlap between the different C-H stretching modes. Seven bands at 3015, 3011, 3007, 3007, 2954, 2952 and 2946 cm -1 were calculated in this research. First three is asymmetric ν C-H stretching band and the last three bands symmetric ν C-H stretching band for -CH 2 -group. These assignments were also supported by the literature [51] . The vibrational modes concerning the bond angle bending (HCH): scissoring, wagging, twisting and rocking are well defined in all the calculations. As seen from Table 2 , the bands observed at 1447, 1439 and 1418 cm -1 in FT-IR spectrum correspond to scissoring deformation of -C(5)H 2 -, -C(15)H 2 -and -C(1)H 2 -group in the title compound [51, 52] . The theoretically computed values of scissoring deformation vibration modes show a good agreement with the experimental values. The wagging, twisting and rocking vibrational modes are distributed in a wide range [51] [52] [53] [54] . Twisting and wagging vibrational modes of the -CH 2 -groups were assigned in the range of 1250-1100 cm −1 . The above result is in close agreement with the literature values [55] . These vibrational modes are described in the tables by mean of the general symbol δ CH2 . The rocking -CH 2 -is assigned in the wavenumber range of 950-800 cm −1 and the wavenumber shift of these bands is due to the atom nature in which the -CH 2 -group is bonded. The -CH 2 -rocking vibrational modes are intensive bands in which can be appreciating the vibrational coupling with other vibrational modes [52, 53] . These bands are assigned using calculated potential energy distribution. wavenumbers. These results were confirmed by Bensebaa et al. [56] . The C-C stretching vibrations in cyclic alkanes appeared as weak bands in the region 1200-800 cm −1 and consequently are of little importance for structural study [57] . Hence, in the present study, the FT-IR bands observed at 1193 and 1189 cm −1 in title compound have been assigned to C-C stretching vibrations. These results were confirmed by Gunasekaran et al. [58] .
Conclusions
The IR spectrum of the title compound computed by the HF, B3LYP, B3PW91 and mPW1PW91 methods in conjunction with the 6-31G(d) basis set are in a good agreement with its observed FT-IR spectrum. The correlation between the calculated and experimental vibration frequencies is characterized by the coefficients of bigger than 0.9998 for all three DFT methods and 0.9997 for HF. Optimal uniform scaling factors calculated for the title compound are 0.8952, 0.9456, 0.9520 and 0.9552 for HF, mPW1PW91, B3PW91 and B3LYP, respectively. For IR spectrum predictions for the title compound type derivatives, any of the three hybrid functions can be equally successfully used. Taking into account small variations of the scaling factors for the derivatives of the title compound, for future IR spectral predictions for unknown compounds of this class, one can recommend scaling factors of 0.895, 0.946, 0.952 and 0.955 for HF, mPW1PW91, B3PW91 and B3LYP, respectively.
